Coccidioidomycosis (CM) is a mycotic disease that affects mammals, including humans. Official data relative to CM in Mexico has not been collected since 1995, thus its prevalence remains unknown. The objectives of this study were to identify the predominant Coccidioides species in Mexico, infer their current geographical distribution and explore the correlation between species and clinical presentation. We collected 154 strains, which were cultured, inactivated, and processed for DNA extraction. Nine microsatellite loci, the Ag2/PRA gene and Umeyama Region were amplified from each isolate. To infer the current geographical distribution of Coccidioides spp. and to establish a correlation between genotype and clinical presentation, we evaluated genetic population structure under the following grouping criteria: putative origin and clinical presentation records. Microsatellite analysis showed that 82% of the isolates corresponded to C. posadasii and 18% were C. immitis. The species identification results obtained using Umeyama region, Ag2/PRA, and microsatellites of five of the isolates were inconsistent with the data collected for the remaining isolates. C. posadasii strains were found primarily in the northeastern region and C. immitis in the northwestern region. However, there was no relationship between clinical presentation and Coccidioides species. The molecular markers used in this study proved to have a high power of resolution to identify the Coccidioides species recovered in culture. While we found C. posadasii to be the most abundant species in Mexico, more 
Introduction
Coccidioidomycosis (CM) is an infectious disease that is endemic in arid and semi-arid regions of the Americas. It is caused by the dimorphic ascomycetes Coccidioides, which primarily affects mammals, including humans [1] . Two species have been recognized genetically: C. immitis, which occurs primarily in California and northwestern Mexico, and C. posadasii, which is widely distributed in the southwestern United States, northern Mexico, Central America, and South America [2, 3] . The morphological, clinical, and immune features are not significantly different between the two species. However, there is a general lack of knowledge regarding geographic range, distribution of species in the environment, and clinical presentation.
Typically, CM is acquired through the inhalation of aerosolized spores (arthroconidia) directly from the soil. Host-to-host transmission does not occur under most circumstances, but there have been reports of transmission through tissue transplantation [4] and animal bites [5] . Although this disease is endemic, recent travel or temporary residence in a disease-epidemic region seems to be associated with most CM cases reported in nonendemic areas [6] . Thus, a detailed record of recent travel activities is a key factor for determining exposure history.
Approximately 150 000 cases of primary Coccidioides infections occur each year in the United States [7] . However, information on its prevalence and incidence in Latin America is incomplete or unavailable [8] . However, in the last decade, there has been an increase in the incidence of CM in California and Arizona, which seems to be related to the high immigration rate of previously unexposed individuals [9] . Environmental factors, increase in persons susceptible to symptomatic infection, and changes in the reporting of cases have been described by Ampel [10] . In Mexico in 1995, reporting CM to the National Epidemiologic System was made nonobligatory. Consequently, the current epidemiological status of this disease remains uncertain [11, 12] . Regional skin-testing surveys for CM prevalence in Mexico showed rates of 10% in Tijuana and Baja California, from which nearly 97% of the cases were found to be in immigrants from nonendemic areas of Mexico [11] . In Baja California, immigrants represent 45% of the local population growth, and nearly one third of these individuals have traveled to the United States and then returned to their places of origin in Mexico after several months to years [13] . Therefore, there is reasonable cause for concern about an increase of diagnosed CM cases in nonidentified endemic regions of Mexico.
Currently, a diagnosis of suspected CM can be confirmed by histopathological examination, pathogen isolation and culture, immunological antibody screening, and/or molecular biological techniques. Coccidioides cultures from clinical samples are highly infectious, requiring handling in biosecurity level 3 facilities and at least five days for fungal growth. In contrast, molecular biology techniques have become widely used for the identification of pathogenic infectious agents [14] . The high specificity of these techniques and the small amounts of sample required, in addition to the speed and ease of the testing protocols, have made timely diagnosis and lower risk of disease progression possible [15] . Furthermore, the availability of species-specific molecular markers for Coccidioides offers the opportunity to compare the genotypes/haplotypes of pathogens isolated from clinical/environmental samples with the severity of clinical presentation, which has not been previously addressed.
In this study, we used molecular marker analyses to identify Coccidioides at the species level in clinical isolates that have been stored at various higher education and health institutions in Mexico from 1957 to 2010. Most of these samples had been identified simply as Coccidioides based on mycological cultures. The aims of this study were to establish the predominant Coccidioides species in Mexico, infer the current geographical distributions of C. immitis and C. posadasii, and establish a correlation between genotype and clinical presentation.
Materials and methods

Isolate collection and handling
We obtained 160 isolates that had been recovered in 16 states of Mexico and stored in academic or government institutions (Appendix 1). Most of the isolates (155; 96.9%) were from clinical sources, four (2.5%) were environmental in origin, and one isolate (0.6%) was from a dog from Sinaloa State without any evidence of travel activity. Based on clinical data, the isolates were putatively assigned to the location where they were identified and to a specific organ or systemic clinical presentation. The environmental isolates (M47-06, M49-06, M50-06, and M51-06) were from Coahuila State soil samples.
Biosafety description
Culturing and DNA extraction procedures were performed in a biosecurity level 3 laboratory within a Labconco Purifier Class II Biosafety cabinet (Delta series, Kansas City, MO, USA).
Culture and genomic DNA extraction
Each isolate (500 µl) was cultured in 100 ml of 2× glucose yeast extract with chloramphenicol (0.025 mg/ml) and cycloheximide (0.025 mg/ml) at 28
• C for five days with agitation. The mycelia were inactivated by exposure to 100
• C for 15 min and recovered following standard procedures [16] . DNA extraction was then performed using the UltraClean microbial DNA isolation kit (MO BIO Laboratories, Inc., San Diego, CA, USA) according to the manufacturer's instructions with the following minor modifications: mycelia were crushed using an electric homogenizer and incubated for 20 min at 60
• C and vortexed for 15 s every 5 min and the DNA was eluted in 25 µl. The quantity of the genomic DNA was evaluated by agarose electrophoresis using a mass ruler low range DNA ladder (Fermentas, Pittsburgh, PA, USA) and GelStar (Lonza Rockland, Inc., Rockland, ME, USA) staining.
Molecular identification
The molecular identification of the Coccidioides spp. was performed using alternate methods based on different markers, that is, microsatellites, Ag2/PRA, and Umeyama region (U region). Strain M38-05, previously identified as C. immitis [3, 17] and strains 5239, 5248, 5250, 5256, 5258, and 5268 [3] , corresponding to C. posadasii, were used as positive controls throughout the genetic analysis.
Microsatellite loci
The following nine Coccidioides-specific microsatellites were amplified using fluorescently labeled forward primers (Applied Biosystems): FAM (621, GA37, KO9, ACJ, and GAC2 loci), VIC (KO7 and GA1 loci), and NED (KO1 and KO3 loci). Polymerase chain reaction (PCR) was performed with 20 ng of genomic DNA in a final volume of 10 µl of 1× Apex PCR buffer, 60 µM deoxynucleoside triphosphates (dNTPs; Promega), 3 mM magnesium chloride (Sigma Aldrich), 0. was determined by fragment analysis in an automated capillary DNA sequencer (ABI Prism 3100; Applied Biosystems) using 600 LIZ (GeneScan, Applied Biosystems, San Francisco, CA, USA) as an internal size standard. A subsample of 10% of the strains was re-extracted, re-amplified, and regenotyped for quality control purposes.
Proline-rich antigen
Cocci I/Cocci II primers were used to amplify a 526-bp fragment of the proline-rich antigen Ag2/PRA gene using the thermal cycling parameters described by Bialek et al. [18] . Amplification products were purified with ExoSAP-IT (USB/Affymetrix, Santa Clara, CA, USA) and automatically sequenced in both directions using BigDye R Terminator chemistry (Applied Biosystems, San Francisco, CA, USA). For quality control purposes, 10% of the strains were re-extracted and re-analyzed.
U region
The U region was amplified using primers Coi9-1F/Coi9-1R and the thermal cycling conditions described by Umeyama et al. [19] . PCR reactions were performed using 20 ng of DNA template in 25-µl reaction mixtures of 1× Apex PCR buffer, 0.9 µg BSA, 200 µM dNTPs, 0.2 µM of each primer (Sigma), 1.5 mM magnesium chloride, and 0.05 U Taq DNA recombinant polymerase. PCR products were evaluated using agarose electrophoresis and GelStar (Lonza Rockland, Inc., Rockland, ME, USA) staining and visualized under ultraviolet light, using Fermentas O'gene 100 bp DNA ladder as molecular marker. Species were assigned based on fragment length (630 bp for C. posadasii and 720 bp for C. immitis). The 720-bp amplicon corresponds to nucleotide position 660, 313-661, 032 of C. immitis contig 2.2 (GenBank accession number AAEC02000002) and position 676, 142-676, 861 of C. immitis supercont 2.1 (GenBank accession number NW001509361.1).
Microsatellite data analysis
Electropherograms that resulted from fragment analysis were analyzed using GeneMarker, version1.85 (Softgenetics 2009, State College, PA, USA), calling alleles according to Fisher standardized protocols [3] . Allele size and frequency per locus and redundant multilocus genotypes were determined using Microsat Tools, version 3.1.1 (Stanford University, Stanford, CA, USA) [20] . Allelic richness was calculated using FStatistics, version 2.9.3.2 (Lausanne University, Lausanne, Switzerland) [21] , and the number of private alleles was determined with Genetic Data Analysis, version 1.0 (University of Connecticut, Storrs, CT, USA) [22] .
Sequencing data analysis
Sequence files for U region and Ag2/PRA gene were examined using Codon Code Aligner, version 3.0.2. [23] . Multiple alignments were conducted in CLUSTAL X, version 2.0 (University College Dublin, Dublin, Ireland) [24] , as implemented in Molecular Evolution Genetic Analysis, version 4 (Tokyo Metropolitan University, Tokyo, Japan) [25] , combined into a concatenated sequence and used to build a phylogenetic tree for both Coccidioides species. Finally, DNA Sequence Polymorphism, version 5.0 (Universidad de Barcelona, Barcelona, Spain) [26] , was used to determine the number of haplotypes and their frequencies.
Genetic structure analysis
In order to infer the current geographical distribution of Coccidioides spp. and to establish the correlation between genotype and clinical presentation, we evaluated genetic population structure under two grouping criteria: geographic origin and clinical presentation records. For the geographic origin, samples were grouped into four regions: northwestern (NW: Baja California, Sonora, Chihuahua, and Sinaloa), northeastern (NE: Coahuila, Nuevo León, and Tamaulipas), central (CEN: D.F., Estado de Mexico, Michoacán, and Guerrero), and unknown origin, without clinical information (ND; Appendix 1). For the clinical presentation records, samples were placed into the following five groups: cutaneous (C), cutaneous disseminated (CD), nonspecific disseminated (NSD), neurologic disseminated (ND), and pulmonary (P). The NSD group included clinical samples obtained by catheter, neck abscess, neck tumor, articular secretion, bone dissemination, bone biopsy, and blood culture, each of which represented a very small amount of samples for individual analysis.
Both classifications were analyzed using two statistical tests. A priori geographical grouping was first evaluated based on microsatellite allele sizes through a discriminant analysis implemented in STATISTICA, version 7, assuming each locus score as an independent variable. Based on the resulting classification matrix, a posteriori grouping was tested for genetic differentiation by means of pairwise F ST calculated in Arlequin, version 3.11 [27] , with Bonferroni correction for multiple comparisons (P > 0.006) [28] . Finally, pairwise genetic distances among discriminated groups were calculated with GENEALEX, version 6.4, and used to explore the phylogenetic relationships derived from tree topology.
Results
DNA extraction and molecular identification
Among the 160 isolates that were cultured, 3.75% (6) did not yield mycelia. DNA could only be extracted from 96.25% (154) of the 160 isolates.
Microsatellite analysis
A total of 154 samples were genotyped using eight of the original nine microsatellite loci. The GA1 microsatellite was not used in this analysis because it exhibited ambiguities among reference samples. The number of alleles, allelic range, richness, and number of private alleles for each locus are detailed in Table 1 . Among 28 analyzed C. immitis strains, 14 unique multilocus genotypes and six clones were observed, whereas 79 unique multilocus genotypes and 16 clones were found among 126 C. posadasii strains. Finally, based solely on the size scores of microsatellite locus 621, which was the most commonly used to discriminate between species, 28 samples were identified as C. immitis (416-426 bp) and 126 as C. posadasii (399 bp). Interestingly, samples 5233, 5234, M60_09, M61_09, and TJ3835 showed sequences and fragment sizes that corresponded to C. posadasii using U region that were identified as C. immitis based on the Ag2/PRA and 621 loci.
Ag2/PRA region
A total of 122 samples were successfully amplified and sequenced for Ag2/PRA. Once edited, they were aligned and compared to the sequence of the C. posadasii Silvera strain (accession number AF013256) [29] . A 12-bp deletion from positions 998-1009 occurred in samples previously identified as C. immitis based on U region fragment size. Thus, 24 samples were identified as C. immitis (one haplotype) and 98 were identified as C. posadasii (three haplotypes). Sequence data for each haplotype were deposited in GenBank (Table 2) .
U region
Molecular identification based on the fragment size of the U region identified 126 strains as C. posadasii (82%) and 28 strains as C .immitis (18%; Appendix 1). Only 120 high-quality chromatograms obtained from sequencing were examined and compared with the GenBank reference sequences of C. posadasii (accession number AB597182) and C. immitis (accession number AB597180). Sequence analysis confirmed 21 isolates as C. immitis corresponding to 2 haplotypes (H02 and H07) and 94 isolates as C. posadasii corresponding to 11 haplotypes (H01, H03-H06, and H08-H13). Sequence data for each haplotype were deposited in GenBank (Table 3) .
Concatenated sequences analysis
Sequences of the U region and Ag2/PRA gene were combined for both Coccidioides species, resulting in 11 haplotypes for C. posadasii and 4 for C. immitis (Table 4) . Haplotypes of C. posadasii are primarily distributed in two clades, corresponding to the NE and NW regions. Haplotypes of C. immitis correspond to the NW region (Figs 1  and 2 ).
Genetic structure analyses
Discriminatory analysis combining C. immitis and C. posadasii sequences according to geographic region (NE, NW, CEN, and ND) revealed three principal groups. Two groups corresponded to C. posadasii from the NW and NE regions (Fig. 3) , and the third group corresponded to C. immitis from the NW region. The F ST analysis of the association between genotype and clinical presentation did not show significant differences for any combination (P > 0.006). Furthermore, discriminatory analysis generated three groups (Fig. 4) . Group I represents 80% of the samples, including the four existing clinical presentation types. Group II contained only pulmonary presentation cases. Group III contained only one pulmonary sample. Remarkably, 83% of all C. immitis isolates were associated with disseminated cutaneous presentation, but this was not statistically significant (P > 0.006). On the other hand C. posadasii was related to all forms of clinical presentation. Table 3 . Sequence haplotypes of U region of Coccidioides immitis and C. posadasii.
Dash indicates a gap. f, number of strains with corresponding haplotype. Accession number from GenBank.
Genetic relationship
Two genetic trees were constructed: one using concatenated sequences from U region and Ag2/PRA gene and another obtained from the allele sizes of three microsatellites (621, GAC2, and ACJ), which were selected for their ability to discriminate between species (Fig. 5) . These trees showed two major clades that corresponded to C. immitis and C. posadasii. There is not a clear structure in the C. immitis clade, but there is a significant differentiation between NW and NE regions in the C. posadasii clade. The C. posadasii haplotypes Cp02 and Cp06 clustered in the NW clade, while haplotypes Cp04, Cp08, Cp09, and Cp10 clustered in the NE clade. Haplotype Cp04, which is specific to Sinaloa, was consistent with the classification obtained in the microsatellite tree, where these isolates share the same branch. We were unable to obtain good-quality sequences from some samples and, thus, could not include these strains in the genetic tree. These samples are shown in Appendix 1 represented as bqs.
Discussion
Molecular identification
All isolates were identified as C. immitis or C. posadasii based on amplification of the following three loci: the U region, Ag2/PRA gene, and the 621 microsatellite. The results were consistent in almost all cases, with the exception of five isolates (5233, 5234, M60_09, M61_09, and TJ3835), which were identified as C. immitis using Ag2/PRA and the 621 locus and as C. posadasii using U region. This situation has been observed by Tintelnot et al. [30] , who identified one strain of Coccidioides as one species using Restriction Fragment Length Polymorphism (RFLP) and as another using U region. That strain was previously identified as C. immitis and postulated to be a hybrid genotype of both species. Neafsey et al. [31] suggest that sexual reproduction between the two species could occur, causing the hybridization and introgression of genomic fragments from one species into the genome of another. Because these five samples were obtained from southern California and northern Baja California, hybridization is a possibility; these samples seem to be from the known southern limit of C. immitis distribution, where this situation has been found to be more probable. Mandel et al. [32] provide direct support for sexual reproduction in C. immitis and C. posadasii by demonstration of the existence of mating-type loci characteristic of heterothallic ascomycetes. One criterion that is necessary, but not sufficient, for fungal sexual reproduction is the presence of mating-type genes, which have been identified in some ascomycota fungi [33] . This is important because Coccidioides has been considered to display basically asexual reproduction [32] . Despite three independent attempts, we were unable to obtain good-quality sequences in three of these five samples and, thus, could not produce stronger evidence to support this possibility.
The high number of identical genotypes observed for both species (19%; Appendix 2) is likely to be the consequence of the predominantly asexual reproductive behavior of Coccidioides. The sexual phase seems to be a rare adaptation to adverse situations in order to produce genetic variability.
The molecular markers used in this study had a high discriminatory power to identify the species of Coccidioides despite slight differences when U region was used, indicating that the use of single markers for species identification should be performed cautiously.
Genetic structure
Earlier studies have shown that C. immitis occurs primarily in California and adjacent regions of northern Mexico, while C. posadasii is distributed throughout the southwestern United States, northern Mexico, Central America, and South America [2, 3] . However, according to clinical information, we identified C. posadasii in regions considered to be exclusive to C. immitis and vice versa. For example, strain M50_06 obtained from soil in Coahuila, which is not known to be endemic for C. immitis, was typified as C. immitis using U region and microsatellites. These data may represent poor clinical information or tagging errors, making it critical that soil investigation be performed. In 2000, a series of 23 patients with CM was described in Ohio, which is a nonendemic area. The route of exposure could not be determined in 2 patients, but 20 patients had a history of residence in or travel to endemic areas, and the remaining patient had an occupational history of exposure to fomites from an endemic region [34] .
Isolates labeled as M47_06, M49_06, M50_06, and M51_06 (C. posadasii, only the second one had clones) were obtained from soil in Coahuila, meaning that corresponding haplotypes and genotypes can be rooted to these places. Interestingly, the isolate M49_06 showed a genotype and haplotype that were identical to those in isolates 1, 24, and 25 from Nuevo Leon, which is next to Coahuila and so can be directly related and correspond to the same area. On the other hand, the 5208 isolate (C. posadasii with unique haplotype) was obtained from a dog in Sinaloa (NW region) that was unlikely to have traveled far from home, suggesting the possibility that this genotype may have originated from this geographical location.
